We evaluated autonomic cardiovascular modulation and baroreflex control of heart rate (HR) in a particular epileptic rat strain, Wistar audiogenic rats (WARs). We studied spontaneous baroreflex sensitivity as well as reflex changes in HR evoked by phenylephrine/nitroprusside-induced changes in arterial pressure (AP). Atropine and propranolol were used to measure cardiac autonomic tone. AP and pulse interval (PI) variability analysis were performed in the time and frequency domains (FFT spectral analysis) to evaluate cardiovascular sympatovagal modulation in WARs. AP and HR were higher in WARs (109 ± 2 mm Hg and 366 ± 9 bpm) than in Wistar control rats (101 ± 2 mm Hg and 326 ± 10 bpm). The power of the low-frequency band of both AP and PI spectra, a marker of sympathetic modulation, was higher in WARs than in Wistar control rats. The high-frequency power of the PI spectra in normalized units, which is linked to cardiac vagal modulation, was lower in WARs. Both WARs and Wistar control rats had similar vagal tone (91 ± 13 bpm vs 94 ± 11 bpm, respectively), but sympathetic tone was higher in WARs (30 ± 4 bpm vs 14± 4 bpm). No differences were detected in the gain of evoked (1.32 ± 0.1 ms/mm Hg vs 1.35± 0.2 ms/mm Hg) or spontaneous (1.34 ± 0.2 ms/mm Hg vs 2.04± 0.2 ms/mm Hg) baroreflex sensitivity. The higher AP and HR and the autonomic imbalance (sympathetic predominance) in WARs might be associated with an increased risk of life-threatening cardiovascular events in this strain.
Introduction
Autonomic manifestations of epilepsy leading to mainly cardiovascular and/or gastrointestinal symptoms are not rare and have been recognized with increasing frequency [1, 2] . Clinical and experimental studies have shown that epileptic seizures are accompanied by sympathetic activation resulting in altered cardiovascular control that causes hypertension, tachycardia, and electrical instability in the heart [3] [4] [5] . Moreover, the autonomic nervous system has been implicated in the triggering of sudden death [6, 7] . Awareness of sudden unexpected death in epilepsy (SUDEP) has increased over the past two to three decades, and SUDEP is now acknowledged as a serious problem for patients with epilepsy [8, 9] . Although the mechanisms underlying SUDEP are far from being clearly established, epilepsy-associated morbidity and mortality have been attributed to dysregulation of autonomic control of the cardiovascular system [10, 11] .
Autonomic imbalance is known to occur during seizures and in the peri-ictal state, but it may also occur during the interictal period. Nevertheless, most studies evaluating autonomic cardiovascular control in epilepsy have focused on the immediate acute effect of seizures on arterial pressure (AP) and heart rate (HR). Cardiovascular function over a long-term seizure-free period has been poorly investigated. There are only a few studies of autonomic function in the interictal period, and these have provided controversial results. Devinsky and colleagues [1] found autonomic function to be normal in patients with epilepsy, whereas Isojarvi et al. [12] and Ansakorpi et al. [13] described impaired cardiovascular responses to standard autonomic tests.
Analysis of spontaneous fluctuations in cardiovascular parameters, such as HR and AP, in the time and frequency domains, provides remarkable insight into the physiological mechanisms of autonomic cardiovascular control [14] [15] [16] . Since the pioneering report of Kleiger et al. [17] establishing the relationship between HR variability and death after myocardial infarct, analysis of cardiovascular oscillations has become a powerful noninvasive tool that allows study of the integration between autonomic cardiovascular modulation and other systems contributing to health and diseases and determination of the risk of life-threatening events [7, 18, 19] . Moreover, the arterial baroreflex is the most important mechanism for the short-term control of AP and continuously regulates autonomic outflow to the cardiovascular system. Reduced baroreflex sensitivity (BRS) can be the cause and/or consequence of autonomic imbalance associated with several cardiovascular pathologies characterized by increased susceptibility to sudden death [7] . Epilepsy & Behavior 22 (2011) 666-670 Several experimental models have been used to examine the physiopathological mechanisms of epilepsy. Among them, Wistar audiogenic rats (WARs) have been frequently used as an experimental model of epilepsy. The WAR is an inbred strain derived from Wistar rats susceptible to audiogenic epileptic seizures [20] . Therefore, the aims of the current study were to evaluate basal cardiovascular parameters, for instance, AP and HR, and to characterize the autonomic control of the cardiovascular system and BRS in WARs. To accomplish this, spontaneous and evoked BRS, autonomic receptor blockade with atropine and propranolol, and AP and HR variability analysis were used to determine cardiovascular sympatovagal balance in this strain of rats susceptible to epileptic seizures.
Methods
Experiments were conducted on male WARs as well as Wistar control rats at 70 days of age. All animals were individually housed, auditory stimulus/seizure free (naïve) with free access to food and water and maintained on a 12:12-hour light:dark cycle at 22 ± 1°C. All experiments were conducted in accordance with international and institutional rules for animal experimentation and in agreement with recommendation from the Brazilian Society for Neuroscience and Behavior.
Experimental protocol
WARs (N = 10) and their Wistar control counterparts (N = 8) were anesthetized (tribromoethanol, 250 mg/kg ip), and polyethylene catheters were inserted into the femoral artery and vein to allow further painless direct measurement of AP and intravenous drug administration in conscious, freely moving animals. On the following day, the rats were taken to the recording room and their arterial catheters were connected to pressure transducers (Statham P23Gb, Hato Rey, Puerto Rico) at least 1 hour prior to the beginning of the data collection, to minimize the effect of stress. Rat basal AP was continuously sampled (1 kHz) using an IBM/PC computer equipped with an analogto-digital interface (DI-220 Dataq, Akron, OH, USA) over 30 minutes and afterward. Reflex changes in HR were evoked by transient changes in the mean arterial pressure (MAP) induced by intravenous (bolus, 0.05 mL) injection of phenylephrine (10 μg/kg) and sodium nitroprusside (25 μg/kg). When MAP and HR returned to baseline levels (N1 hour after phenylephrine and nitroprusside injections), the muscarinic receptor blocker methyl atropine (1 mg/kg) and the β-adrenergic receptor blocker propranolol (2 mg/kg) were injected (bolus, 0.1 mL/100 g body wt) into the femoral vein, 15 minutes apart, in random order. AP was then continuously recorded for 30 minutes. On the following day, animals underwent another AP recording with the administration of methyl atropine and propranolol in reverse order. All drugs used were diluted in sterile isotonic saline (NaCl 0.9%).
Data analysis
Beat-by-beat series of mean and systolic AP were generated. A series of pulse intervals (PIs) were obtained by measuring the intervals between consecutive diastolic AP values, which were used as a measure of HR variability [16] .
Arterial pressure and pulse interval variability
The time domain indices of AP and PI variability were calculated from the basal recording period. Overall AP variability was determined as the SD of successive normal values (SDNN) of systolic AP. PI variability was determined by SDNN and the square root of the mean of the sum of the square of the differences (RMSSD) between adjacent PIs [16] . Systolic AP and PI variability were also studied in the frequency domain by spectral analysis. The series of systolic AP and PI from the basal recording period were resampled at 10 Hz and divided into contiguous segments of 512 values, overlapping by 50%. After Hanning windowing, the spectra of each segment of either the systolic AP or PI series were calculated using the fast Fourier transform (FFT) algorithm. The spectra were integrated into two frequency bands: low (LF: 0.2-0.8 Hz) and high (HF: 0.8-3.0 Hz). Moreover, the LF or HF power of the PI spectra was calculated in normalized units (nu), that is, the contribution of either LF or HF power relative to the total power of the PI spectra in the frequency range between 0.2 and 3.0 Hz. The ratio of the power of LF to that of HF of the PI spectra, that is, LF/HF, was also calculated.
Baroreflex sensitivity
2.2.2.1. Evoked baroreflex sensitivity. Evoked baroreflex sensitivity was assessed as the ratio of reflex PI lengthening to the phenylephrineinduced rise in the mean AP and also as the ratio of reflex PI shortening to the nitroprusside-induced fall in mean AP. Doses of phenylephrine and sodium nitroprusside were adjusted to produce changes in AP in the range of 20 to 30 mm Hg in both groups of rats studied. The ratio of reflex changes in HR to drug-induced (phenylephrine/nitroprusside) changes in AP has conventionally been used to assess baroreflex sensitivity over the last 40 years [21, 22] .
Spontaneous baroreflex sensitivity.
Over the last 20 years, several studies have evaluated BRS on the basis of the relationship between parallel fluctuations in AP and PI intervals that occur spontaneously [23] [24] [25] . This approach, known as sequence method, has been extensively validated [24, 25] . In the present study, ramps of progressive increases or decreases in systolic AP or PI were automatically detected in the beat-by-beat series from the basal recording period. Sequences, defined by ramps of four systolic AP values associated with parallel PI changes showing linear correlation coefficients higher than 0.8, were identified. Spontaneous BRS was calculated as the slope (ms/mm Hg) of the linear regression lines between systolic AP and the subsequent PI intervals. This analysis was performed using the freeware computer software HemoLab, Version 12.1 (http://haraldstauss. com/HemoLab/HemoLab.html).
Cardiac autonomic tone and intrinsic heart rate
Tonic sympathetic and vagal influences on the heart were determined by measuring HR changes after selective pharmacological blockade of cardiac autonomic receptors. The bradycardic response after β-adrenergic receptor blockade with propranolol (2 mg/kg, iv) was used to estimate sympathetic tone; the tachycardia after muscarinic cholinergic receptor blockade with methyl atropine (1 mg/kg, iv) was considered vagal tone. The magnitude of HR responses to single intravenous injections of cardiac autonomic receptors blockers, at the doses used in the present study, is widely accepted as an appropriate measure of autonomic tone to the heart [26, 27] . The HR measured when both autonomic blockers were administered was considered the intrinsic HR.
Statistical analysis
Data are expressed as means ± SEM. AP and PI baseline values were compared between groups with Student's t test. The SDNN and RMSSD, LF and HF power of PI and systolic AP, BRS, and autonomic tone were compared between WARs and Wistar control rats using the nonparametric Mann-Whitney test. Statistical significance was accepted at P b 0.05.
Results
Mean AP was higher in WARs than in Wistar control rats (109 ± 2 mm Hg vs 101 ± 2 mmHg, P = 0.0214, respectively). Similarly, basal HR of WARs was also significantly higher than that of control rats (366 ± 9 bpm vs 326 ± 10 bpm, P = 0.0024, respectively).
Group data on mean levels and variability of systolic AP and PI during baseline recordings are summarized in Table 1 . Representative spectra of basal beat-by-beat series of systolic AP and PI shown in Fig. 1 illustrate the variability of systolic AP and PI in the frequency domain during baseline recordings. Even though systolic AP was higher in WARs, overall AP variability was similar in both groups (Table 1) . Mean PI was lower in WARs, but its variability was increased as compared with that in control rats ( Table 1 ). The power of the LF band of both systolic AP and PI spectra was higher in WARs than in control rats, whereas no difference was detected in the power of the HF band of systolic AP and PI (Table 1, Fig. 1 ). Nevertheless, despite that in absolute units (ms 2 ) the HF power of the PI spectra was similar in control rats and WARs, in normalized units (nu) the HF power of the PI was significantly smaller in WARs than in control rats (Table 1) . Conversely, the LF/HF ratio of the PI spectra was higher in WARs (Table 1) . Fig. 2 illustrates cardiac vagal and sympathetic tone, expressed as changes in HR in response to pharmacological blockade of muscarinic and β-adrenergic receptors with methyl atropine and propranolol, respectively. Note that WARs and control rats had similar vagal tone, whereas WARs had a markedly higher sympathetic tone. The intrinsic HR (i.e., HR after blockade of both muscarinic and β-adrenergic receptors) was similar for the two groups of rats (408 ± 11 bpm in control rats and 416 ± 7 bpm in WARs).
No difference was detected in the gain of the baroreflex measured by sequence analysis (1.34± 0.18 ms/mm Hg [control rats] vs 2.04± 0.20 ms/mm Hg [WARs]). Reflex bradycardia in response to the phenylephrine-induced increase in AP was similar for WARs (1.35 ± 0.25 ms/mm Hg) and control rats (1.32 ± 0.11 ms/mm Hg), whereas reflex tachycardia in response to the sodium nitroprusside-induced fall in PA was significantly higher in WARs (1.85 ± 0.14 ms/mm Hg) than in control rats (1.17 ± 0.06 ms/mm Hg) (P b 0.05).
Discussion
To the best of our knowledge, this is the first study to evaluate AP and HR, as well as autonomic cardiovascular control, in the Wistar audiogenic rat, an experimental model of epileptic seizures.
Basal resting AP was found to be slightly but significantly higher in WARs than in control rats. It is widely accepted that even small levels of arterial hypertension constitute an important factor leading to damage of multiple target organs, such as the heart, brain, and kidneys. Primary human hypertension, as well as most experimental models of high blood pressure, is associated with overactivation of the sympathetic outflow to the heart, kidneys, and blood vasculature [28, 29] .
The variability of cardiovascular parameters, such as HR and AP, has been widely used to evaluate the autonomic modulation of the heart and vessels [15, 16] , particularly under pathophysiological conditions [30, 31] .
Wistar audiogenic rats had higher overall PI variability as compared with control rats. Spectral analysis revealed a higher power of the PI spectra in absolute units (ms 2 ) at both the LF and HF bands. 2.6 ± 0. Nevertheless, in normalized units (nu), WARs had remarkably higher LF and lower HF power of the PI spectra. Accordingly, the LF/HF ratio was conspicuously higher in WARs than in control rats. PI (or HR) variability at the LF band is widely accepted as an index of sympathetic modulation, whereas HF variability of PI, known as respiratory sinus arrhythmia, is a marker of parasympathetic modulation of the heart [15, 16] . Nevertheless, there is evidence that the LF power of HR spectra also represents parasympathetic modulation [32] . Therefore, the power of the LF and HF bands represents more accurately the autonomic modulation when presented in normalized units or by means of the LF/HF ratio [33] . In line with the findings of HR variability, the HR responses to pharmacological blockade of cardiac autonomic receptors clearly demonstrated a higher cardiac sympathetic outflow in WARs. The balance between sympathetic and vagal influences on the heart is a major regulator of cardiac function. In humans and experimental animals, the sympathetic nervous system is activated during epileptic seizures [4, 5, 34] ; nevertheless, our results revealed sustained sympathetic overactivity of the heart in WARs that was not related to epileptic seizures. The overall variability of AP was found to be similar in WARs and control rats. Nevertheless, AP spectra showed higher power at the LF band in WARs, whereas there were no differences between strains at the HF band of the systolic AP spectra. Similarly to HR, oscillations at the LF band of AP spectra are widely accepted as a marker of sympathetic activity in the vasculature [14, 35, 36] . On the other hand, HF fluctuations of AP are linked to rhythmic changes in intrathoracic pressure resulting from respiratory mechanics [36] .
Therefore, in addition to basal hypertension and tachycardia, analysis of HR/AP variability, as well as the use of pharmacological blockers of cardiac autonomic receptors, clearly demonstrated the presence of a cardiovascular autonomic imbalance with sympathetic predominance in young adult WARs. It is important to highlight that the findings of the present study are not related to repetitive epileptic seizures, because the study was performed in young naive WARs. A body of evidence at the clinical and experimental levels links sustained sympathetic overactivity to increased risk of life-threatening cardiovascular events [37, 38] . Moreover, there is evidence that the most significant and broadly discussed mechanism of SUDEP involves autonomic discharges to the heart and blood vessels [39] .
Surprisingly, both approaches used to examine baroreflex function in the present study, that is, spontaneous and evoked BRS, showed that the baroreflex is not affected in WARs. Previous studies have demonstrated that BRS is blunted in patients with epilepsy [40] and rat models of epilepsy [41, 42] . One hypothesis to explain the normal BRS in WARs observed in the current study could be the age of the animals. Accordingly, further studies evaluating BRS in older WARs are recommended. The baroreflex is the most important mechanism buffering short-term AP oscillations. Therefore, the preserved BRS in WARs might be interpreted as a compensatory mechanism that has been developed over generations of genetic selection to explain the normal overall AP in these animals.
Recent findings from our laboratory [43] indicated that WARs have a hyperplastic adrenal gland and an altered circadian cycle of ACTH. Moreover, they have higher corticosterone levels than do Wistar control rats in response to external application of ACTH [43] . These abnormal neuroendocrine features could explain, at least in part, the higher sympathetic tonus of these animals and are complementary to the anxious profile of WARs without any seizures experience in the elevated plus maze and in the open field [44] . Moreover, the incidence of status epilepticus (SE) and mortality after pilocarpine induction of SE was higher in WARs than in control rats [45] . The finding of a higher frequency of pilocarpine-induced SE with subsequent higher mortality also supports the hypothesis of an increased cardiovascular risk in this epileptic strain [45] .
Additional studies exploring the mechanisms of sympathetic overactivity in Wistar audiogenic rats are highly recommended to establish risk factors and to critically assess potential preventive strategies with respect to cardiovascular risk factors in epileptic seizures.
